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ABSTRACT

Computersimulations usinghe method omolecular dynamics have beearried out
to study electro-osmosis in polar andic solutions. The overall objective was to model and
study the separation ofvariety of fluid mixtures, by electro-osmosis througémi-permeable
membranes ahe molecular level. The effects of direction dhe external electric field, on the
extent of separatiohave been investigated. The density profileshef components of the

fluid mixtures have been reported to show adsorption near the membrane.

Our resultshave shownthe feasibility of using uniformexternal electricfields to
enhance separation processes such as osmosis and reverse osmosis, in polar solutions. In the
past, it was generally believed that these solutionsod@ndergceelectro-osmosis. In the case
of ionic solutions, wefind a similarincreasebut only if the direction of thdield is reversed
periodically. We alsshow that computesimulation techniques can be a unique tool to
improve our understanding of important separation processes such as electro-osrisis,

at present are not well understood.



INTRODUCTION

Separation phenomena such as osmosis, reverse osmosis, ultrafiliratielectro-
osmosis have significant applicatiomsa wide range of processes the chemica process
industry  Amongg these, electro-osmosis perhaps the leasinderstood. Electro-osmosis
can broadly be defined dlse effect of an externdield on a systemundergoing osmos or
reverse osmosislts wide range of applicatiaincludes soil purificationwate desalination,
and drugdelivery. Thereis considerald confusion aboutits role in non-ionic systems.It is
generally impliedthat uniform electrc fields do not lead to electro-osmosign non-ionic or
polar system§l-5]. This is because uniforfrelds produceonly atorque but no net force, on
such systems. A recenote [6]describé our preliminay results formodel polar systems
which we clearlyshowed electro-osmosiss these non-ionic solutions. We leawvow carried
out additional studieon model systems consisting of mogmwla solvens with spherical
solutes, andonic solutesin model sphericabr diatomt solvens to obsenre electro-osmosis
effects. We have studiddur distinctfluid mixtures, thedetails of whichare summarizedn
Table 1. The moleculasstructure of the solutand solvent molecules was chogenaid in
understanding the results. mixtures of types | andl, we chose the solutéo be an
uncharged Lennard-Jones (L@iplecule,so that it is completely unaffectetly the uniform
electricfidd. In typeslll and IV the solvents were chosem be eithe LJ or diatomic LJ,
again with no charges aldo ensure nanteraction betwea the solvent and thexternal
electrc field. We have uskthe molecular dynamicenethod developelly Muradet al. [7-9]

in our work with uniform external electric fields.

METHOD

Compute simulatiors were carriedout to study severafluid mixtures confind by
semi-permeable membranes. dor simulationsthe membrae was formedby tethering a
subset of thenoleculesn theirinitial FCC configuratiorto theirinitial FCC sitesby a simple
harmonic potentialp=(1/2)K(@dr)% Hete dr correspondso the distance between the center

of massof the tetherednolecule andhe tethering site, and is the simple harmonic spring



constant. Figure f@jives a typical simulatiosetup and location of theembrandor a 216-
particle system.All molecules at x = {2 and 3L/4 (Lx beingthe length ofthe simulation
parallelepiped inthe x direction) in thenitial FCC configuration were designated as the
membrane molecules ardtheredwith a reduced spring constant K* =oKe = 200. The
number of membrane molecul#sis depends on tr@ze ofthe system under consideration
and themolecular thickness dhe membrane. The site-site interaction potential used is of the
form,

uj = 4ei[(r/0) ™ - (/o) ®] + qqfr (1)

where e and o are Lennard-Jones parameters and r the distance between the sites. The
coulombic interaction term wascluded inthe potential for charged sitesly. In each of the
systems studiethe molecular weight and Lennard-Joreparameters oéll moleculeswere
assumed to be identical, singar previous studies have showme results to benuch more
sensitive tathe molecular size [7].For crosdnteractions, the Lorentz-Berthelotixing rules
were used. In dew casesnsolute-wall (Cross term forgjj) was varied to ensure the
impermeability ofthe membrane tsolute molecules. The interaction potential wascated
at 3. We also used the reactifeld method toincludethe effect of long range interactions
and found that thdynamic behaviowas unaffected by such long range forcésis has also
been seen bwythersusing ionic system$l0]. All simulationswere carriedout with and
without (spatially) uniform external electric fieldsThe strength of the electrields was also
varied, depending othe system studied. Ware aware that the electifields used by us are
somewhat higher thathose used irexperiments. This wadone to see theffect of these
fields clearly inthe usual simulation time frame ochbout 10 seconds. In anormal
experimental time scale, we beliethese effects would be seenfield strengthswhich are
experimentally accessible.

Preliminary studies of theeffect of electricfield in a polar system containinghodel
homonuclear diatomic solvent molecules and sphericasdlite andmembrane molecules
were reportedecently [6]. Inour preliminary study [6] the size parameter®r the solvent

sites and membrane moleculssrefixed at 0.6 and 1.@ respectively, with a)sojute-wall=



1.25 (@, €, and m from here on refer tbe LJ parameters amdolecular weights othe solute
molecules). The bond length e diatomic wadixed at | =0.384 and the charges aach
of the sites at7+8(r)1/2. Both sites of thediatomic were otherwisadentical. Themodel

heteronuclear mixtures studied consisted of (polar) solvent molecules antutek similar to
the homonuclear mixtures, except the solvent was heteronuclearmoléeular size of the
first site wadixed at 0.& which wasnegativelychargedwhile the smaller site’s size&vas 0.@
and was psitively charged (The averageof thetwo sites wasdentical tothe o of themodel
homonuclear solvent sites). In addition, the larger site contained 57 percent anthilee

site 43 percent of thtal mass ofthe molecule. Simulationfor the systems | and Il were
carriedoutfor 216 particles with a FC€etupdensity 0f0.5/6° and temperature T 4.5@/K).
The actual densities die solvent compartmemay bedifferent, depending upotie actual
number of solvent molecules (see results section). The system dimensiong wétg E 2L,
= 120, where lyand L, represent théength ofthe simulation box inthe y and z directions
respectively. Eackimulation consisted a330,000time steps(inclusive of30,000initiation

steps) ofsize ot = 0.0005(mr2/e)1/2. Simulationswere performed for three cases: zero

external field, a uniform electriteld Eq = (EX2 + Ey2 +E22)1/2

, and a unifornfield of the same
strength bubnly in the x direction. Thdield strengths were varied between 1 and 4 in the
units of elos)llz. The temperature, solute concentration syslem densityvereall varied in

our studies.

Mixtures of typeslll and IV consisted of spherical charged LJ solutes (ionic) and
spherical LJ membrane molecules. Tyfecontained diatomic solvent molecules (with 2
identical active LJ sitesyhile the solvent in type IV was comprised sgherical LJ solvent

molecules. Simulationgere carriedout for 432-particlesystemsfor type Ill mixtures and

864-particle systems for Type IV mixtures. The systiemensions ircaselll were Ly = 4Ly =
4L, =240 while in case IV they wered= 8L, = 8L, = 480. Theinitial FCCsetupdensity was

varied betweer0.4/6°> and 0.66°. The membranepore sizeswere fixed to allow solvent

molecules topermeate,while preventing the solutemolecules from permeating. The



simulationsfor the mixtures of typelll, which contained homonuclear diatomic solvent
particles @sovent = 0.50 and bond length | = 0.148 were performed at T = 48k) and
consisted of 20,000nitiation steps followed by onemillion time steps, both ofdt =
.0005(rr02/s)1/2. Simulationsfor the type IVmixtures whichcontained LJ solvent particles

(Osolvent= 0.450) were carriedout with a larger timestep ofdt = 0.001(nw’/c)"%. The
magnitude ofthe charges on the solutes wamied to study their effect othe system’s
response to electric fields. Each system had equal numbesitwglg and negatively charged
solute ions, withall other parameters of thens being identical. Simulatiorier these two
ionic systems were carried out for a longer duration (see above), as the responstettrihe
field was rather indirect. Wéelieve the solventmoleculesare dragged along as thens
respond to the electric field. In addition &pplying adirect uniform electricfield (in the x
direction), the direction of thdield was reversederiodically duringthe length of the
simulation. This was done to prevent the solute ions from clogging the poresriertiigane.
The time for reversingthe field roughly corresponded to théme taken by these solute
particles to move less than one-half lengththef cube. Theffect of temperature waaso
studied by performing runs at several temperatures. The movemia sblventmolecules
across themembrane, their measquared displacements, orientation wrtspect to the
membrane and density profiles across the length of the cubes were all recdrdedultswill

be reported in reduced units based on solute bddo) parameters.

RESULTS AND DISCUSSIONS

The primary objective of thisstudy was toexaminethe role of spatially uniform
external electricfields on systemsindergoing reverse osmosig-or all the four types of
systems under consideration, 8®leculesconstituted thewo membranes. The solution
compartment consisted ofsN$olutemolecules andemaining solvent moleculesThe density
in the solvent compartment was variethis led to an initiapressuralifference between the
solute and solvent compartment. Dependingttmagnitude of this pressuwdfference,

0Smosis or reverse osmosis resulted [8]osMesults shown here correspond toauerall



system density 00.5/0°. A few simulationswere performed abther densities as shown in
Table 1. Duringthe simulation the number of solvent molecules permeatitige semi-
permeable membramveere monitored. Nt) denotes th@umber of solvent moleculesghich
moved fromthe solution to the solvent compartmentiate t. Themembranaevas designed
not to allow any solute molecules to permeat, although occasionallyone ortwo did
permeate, as is the case in real experiments.

Simulations for systems of types | and Il, consisting of 216 particles had either 10 or 30
solute molecules (hence 80 or 60 solvent molecules) in their solaonpartment. The
results obtained wemamilar atboth concentrations; althougguilibriumwas reached sooner
in the higher concentration systems Fréme initial FCC setup of 90molecules irthe solvent
compartment, eithall the moleculesnvere removed (creating a vacuum)ooity 45 molecules
were removed. This provided two distinct initial pressure differences between the
compartments buitill ensured reverse osmosistite system. Results faystems of type |
have beemeported in [6], so we W not repeathem here. Figure 2 showse <N:(t)> as a
function of timefor a type Il system, where <ft)> corresponds to Nt) averaged over a

short timeA

t+A/2
1

<Nc(®>=—+ [Ne(t )t (2)

t-0/2
Here A = 10(mo?/e)"?, Ns = 10, initial number of molecules isolvent compartment = 0, and

the temperature of theystem was 4€&k. The averagedcrossings into thesolvent
compartment are shown for three case=o electric field, a uniform electridield Ey of
strength 3.0/c®)*? perpendicular to thenembrane, and a uniform electrfield Ey =
3.0€/c®" in the diagonal direction. The Figure shows an increasthénrate of reerse
osmosis irthe presence of theniform electric fieldsThe x component of theeansquared
displacement othe solvent miecules, which igelated to theliffusion coefficient Q@ (in a

direction perpendicular to thmembrane), is shown as a function of time in Figufer3he
same system. This alsmplies greatermembrane permeabilitj7] in the presence of an
electric field. Althoughour simulationsare notlong enough taconfirm this, at t - o, it is

conceivable and likely that g% would be equal for all three cases [6].



The increase inate of revers@smosis we believe due to fewer clusters of the polar
solvents. The externéklds tend tomake larger molecular clusters less energetically favorable
and, hence, aid in permeation. The increase in permeesionot be attributed to the
orientations of thediatomic solvent moleculedue to the electridields. The preferred
orientation of themoleculesfor permeation is perpendicular to thane ofthe membrane.
The fractional distribution of solvent moleculegented in this direction (defined by us as
thosewith the x component of the uniectoralong themolecular axis, |¢ = 0.9) oscillates
around the randomalue of0.1 for systems thatre notsubjected to electric field$:or the
case shown in Figure 2, withfield in the x direction, we observethagher fraction 0f0.15.
With the application ofthe field in the diagonal direction, this value is even lower titamh,
which would make it on an average mat#icult for the solvenimolecules to permeate the
membrane. The results seen in Figush@wclearly an increase ipermeation in both cases,
which leads toour conclusion thathe increase irrate of reversesmosis isnot directly a
molecular orientation effedtut rather anolecular declustering effect. Simulations performed
at lower temperatures showed theme tend; an increase ahte of revers@smosis in the
presence of a uniform external field.

In systems of typell andlV, the effect ofthe uniform electricfield onthe increase in
permeation of thenembrane bythe solventmolecules observed must be an indirect effect,
since herghe solutes were chargezhs andhe solvents uncharged. In typk systemghere
were 54 solutemolecules(27 each of anions and cationgjjus maintaining the overall
neutrality ofthe system. This resulted ih44 (198-54) solventnolecules inthe solution
compartment. Type IV systems contained sbdute molecules and370 (414-44)solvent
molecules irthe solution compartment. In both cases there wemaaleculesnitially on the
solvent side. These simulatiomsere generallylonger than those of type | and dince, as
mentioned earlier, electro-osmosis is an indirect effect.

Figure 4 shows <Nt)> evaluated forA = 25(nmo?/e)'? plottedagainst timefor a type
Il mixture with Goute= + 3(0)* and T = 4.5/k. Here dield strength of § = 2.0¢/0°)"?

was applied which in some simulations was also reversed evero2/&(fhseconds. There is

clear evidence of electro-osmodisit only in the casevhenthe direction of the electrifield



was reversed periodically. This is necessary ale\e, toprevent the pores in thmembrane

from beingclogged by the solute ions, as the solaias are larger than the pores in the
membrane. Thus when a uniform elecfrédd in a singledirection was applied, these solute
ions interacted witlthe field, traveled across the solution compartment and clogged the pores
in themembrane. This inhibitefdirther permeation of themembrane byhe solvenmolecules.

This is shown in Figure 5 and which show thedensity profiles ofsolute molecules and

solvent molecules respectively at time t = 926%f)"? for the type IVsystem (golute =
+2(e0)"? T = 3.5/k). TheFigures show results for no electric fieldix@d electric field, &

= 1.0€/c®"? and an electridield of the samestrength butwith the directionperiodically

1/2

reversed every 22.5@Ms)"? seconds. The solute iomse moreevenly distributed in the
solution compartment when the external field is reversed periodically and this as expected leads
to a higher level oélectro-osmosis Similar results were observed for typé mixtures. The
increase inthe rate ofsolvents permeating themmembrane is we believdue to solvent
moleculesgetting dragged along with the charged soluteegwdes, ashe solutesnove as a

result of their interaction with the external elecfigid [11]. Systems containing solutesth

weaker charges requiréiher fieldstrengths and more frequent reversinghef electricfield

to observe comparabléevels of electro-osmosis. Studies were carriedt at other

temperatures, and the results showed similar trends as those discussed here.

CONCLUSIONS

We havereported acomprehensive study ahe effect of uniform electridields on
several systems undergoing reverse osmosis. We dawenstratedising the method of
molecular dynamicghe feasibility of usingsuchfields to enhanceeparation processesing
reverse osmosis. This is obserded both polar andonic solutions. Our results thus point
out auseful techniqudor increasingthe rate of separationsing reverse osmosis. This is
especiallytrue for polarsolutions, where electro-osmosis hast been widelyused in the

chemical industry.



NOMENCLATURE

ImMm—A-"gQc

zZx~
w

e}

Simple harmonic spring constant

Length of the simulation system in the a directior=(x,y,z)
Interaction potential

Charge on site

Intermolecular distance between two sites

Temperature of the system

Bond length of diatomic solvent

Applied electric field

Mass of the solute

Boltzman’s constant

Number of solute molecules in the solution compartment
Net number of solvent molecules that move fréne solution compartment to the
solvent compartment during simulation

Diffusion coefficient perpendicular to the semi permeable wall
Simple harmonic potential

LJ size parameter of the solute

LJ energy parameter of the solute

Lorentz-Berthelot binary interaction size parameter

Length of simulation time step
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TABLE I: General characteristics of the fluid mixtures studied

| 1 i v
Solute Spherical LJ Spherical LJ Charged Spherical LJ Charged Spherical LJ
Solvent Homonuclear polar Heteronuclear polar Homonuclear neutral Spherical LJ
diatomic diatomic diatomic
Membrane Spherical LJ Spherical LJ Spherical LJ Spherical LJ
Number of particles 216 216 432 864
System dimensions Ly=2Ly=2L,=12s Ly=2Ly=2L,=12s Lxy=4Ly=4L,=24s Lx=2Ly=2L,=48s
Number of solute 10, 30 10, 30 54" vy

particles

Site charge (eﬁs)ll2 Osolvent = £ 8, £ 4 Osolvent = £ 8, £4 Osolite = £ 2, £3, £4 Osolue= *1, £2, £3
Field strength 2,4 2,3 1,23 1,2
@ s3)1/2
System temperature 45,3.0 45,3.0 55,45,35 35,25
(e/k)
System density (1/33) 05,04 0.5,0.4, 0.6 05,04 05,04
1.25 1.25 1.0 1.0

h solute-wall

* Includes equal number of identical positive and negative solute ions.




FIGURE CAPTIONS

Figure 1. The(a) xy and (b) threedimensional view of a simulation system showing the
structure of the membrane and solvent/solution compartments.

Figure 2. Average number of solvent moleculeg>xgdermeating thenembrane in aype Il
mixtures as a function of time.

Figure 3.Thaneansquaredlisplacement ofhe solventmolecules in a direction perpendicular
to themembrane plane, as a function of time in a systertyfe Il. Legend as in
Figure 2.

Figure 4. Average number of solvent moleculeg>xidermeating thenembrane in aype I
system shown as a function of time. R referthtocasesvhenthe direction of the
field is periodically reversed.

Figure 5. Density profile o§olute anions and cations in a type IV mixture at t = 928i@)i",
across the length of the parallelepiped.

Figure 6. Density profile of solvent molecules at t = 926{(g)"*

parallelepiped in a type IV mixture.

, across thdength of the
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